In the large European electron positron storage ring project (LEP), the guiding magnets have a field of 0.123 T at the maximum energy of 130 GeV obtainable with superconducting RF cavities. To take advantage of these low field levels, steel-concrete cores with a steel filling factor of 0.27 are proposedl. The magnets are excited by means of aluminium bars running along the circumference2 (Fig. 1) . The design features and the experience gained with prototypes are given.
In the large European electron positron storage ring project (LEP), the guiding magnets have a field of 0.123 T at the maximum energy of 130 GeV obtainable with superconducting RF cavities. To take advantage of these low field levels, steel-concrete cores with a steel filling factor of 0.27 are proposedl. The magnets are excited by means of aluminium bars running along the circumference2 (Fig. 1) . The Each core is made of a stack of low-carbon steel laminations, 1 .5 mm thick, separated by 4 mm gaps and embedded in a fine grain sand and cement mortar (Fig. 2) . The gap height and the coil window are determined by the dimensions of the vacuum chamber and of the excitation bars. The gap width and the shims are calculated so as to give a field uniformity AB/B of the order of 10-4 across the beam aperture at the nominal energy. The width of the return yoke w = 120 mm and the filling factor f = 0.27 have been optimized together so as to minimize the cost of the core while satisfying the following two constraints: a) The gap closure due to the upper pole weight and to the magnetic attraction of the pole must be smaller than 0.03 mm.
b) The magnet be limited 5 % in the induction Bsmax in the return yoke must to 1.6 T to give an ampere-turn drop of yoke, which is an economic optimum.
For a full steel magnet, a return yoke of 100 mm should be kept to fulfil condition a), but Bsax is only 0.5 T at 130 GeV. In the case of a steel-concrete core, f can be reduced to 0.32 for the same yoke width before
Bmax reaches 1.6 T, while condition a) is still fulfilled thanks to the rigidity of the mortar. For smaller values of f, the yoke width has to be increased and the total amount of steel remains constant; the fabrication cost slightly decreases for a while due to larger interlaminar spaces which finally shifts the optimum towards f = 0.27 and w = 120 mm.
To improve the adherence of the mortar to the laminations, a precompression is applied to the core by means of four longitudinal rods, the core behaving like a solid prestressed concrete beam. The prestress of 5 kg cm-Z is kept to a minimum to avoid long term deformations due to relaxation of the mortar under load; it is just sufficient to maintain all parts of the core in compression when the latter is laid on its supports with a deceleration of 2 g. The rods, which are anchored to the end plates, are tensioned during the casting and the drying out of the mortar. These small diameter (7 mm) rods are fabricated from high-tensile steel and work at the very high stress level of 90 kg mm-2 in order to have a lengthening much larger than all parasitic variations such as mortar shrinkage, relaxation, sliding in anchorages, etc.; as a consequence, the precompression of the core is well determined and remains constant with time. The forces exerted by the rods on the front and on the back of the core are different so as to exert a zero bending moment and thus not to deform the core. The thickness (15 mm) of the end plates has been chosen to carry, without saturation, the stray flux at the end of the magnet; the two T-slots on the front of the cores serve to fix the vacuum chamber and the excitation bars. Table 1 gives the tolerances on the geometry of the cores imposed by machine performance and the maximum expected stresses in concrete. The latter are much smaller than the admissible values, i.e. the main difficulties are expected to arise from the tight geometrical tolerances. 
Fig. 2 Steel-concrete magnet 2 mm 2 mm 2 mrad peak-to-peak peak-to-peak peak-to-peak <0.2> mrad r.m.s.
9 kg cm-2 4 kg cm-2
The maximum stresses include some reserve for a possible mishandling of the core (core deposition with a deceleration of 2 g, maximum dissymmetry of the supports in torsion -see Fig. 4 ). These stresses are much lower than the admissible value for the selected mortar n -70 kg cm-2 and T = 12 kg cm-2 (shear stress and adherence between steel and concrete).
.,- The structural rigidity of the cores has been measured in both torsional and flexural modes. In the torsion test, shown schematically in Fig. 4 , the twist 8max measured by the difference of the two levels A and B is 0.38 mrad when one of the four supports is unloaded (F = 0). This is only 1/20th of the value measured on a full laminated steel magnet. The strain- stress hysteresis, i.e. the deformation which remains once the torsion torque has been suppressed, is not measurable (0r/emax < 1 %) while it is typically 20 % for a conventional core. (Fig. 1) . When compared to traditional coils, the LEP dipole excitation system is not only much cheaper but leads to a minimum of space being lost between cores.
Magnetic Measurements
The magnetic behaviour of these magnets is analysed in Ref. 1. The excitation curve has a slope B/I = 2io/Lo which corresponds to an effective gap L, of 101.8 mm. The increase of 1.8 mm of the gap is the additional path of the flux lines in the air between the laminations at the pole-gap boundary. For an excitation cycle going to 130 GeV, the remanent field is 6.5 G and the ampere-turn drop in the steel at the highest field is 5 %. These values are slightly higher than for a full steel magnet because of the higher induction in the steel. The field variations across the aperture are given in Fig. 5 for several field levels. The uniformity of 2 10-'t at medium field agrees with the computed value which confirms that the geometry of the laminations is maintained after casting. The uniformity is worse at injection but still compatible with good machine performance, the quadrupole and sextupole components being easily compensated by a modest excitation of the lattice quadrupole and sextupole magnets; the inhomogeneity, which is due to the influence of Hc partially compensated by the low permeability in the steel, would be even worse for a full steel corel. 
Conc lus ions
The described LEP dipole system satisfies the requirements imposed by machine performance and is cheaper than a conventional solution using steel cores and wound coils. The steel-concrete cores are lighter and more rigid than all-steel cores, and the use of excitation bars offers a very compact dipole arrangement. Prototype work continues in order to finalize the fabrication and assembly techniques and simultaneously to assess reproducibility under series production.
